Proteins of the Binder of SPerm superfamily are known to bind choline phospholipids on sperm membrane and promote sperm capacitation. The current study focuses on the biochemical and functional characterization of the murine Binder of SPerm homolog 2 (BSPH2). A recombinant protein (rec-BSPH2) was expressed in Escherichia coli Rosetta-gami B (DE3)pLysS cells using pET32a vector. It was purified by immobilized metal ion affinity chromatography and refolded on column using a decreasing urea gradient. Rec-BSPH2 was found to share some binding characteristics with other BSP proteins, such as binding to gelatin, heparin, and epididymal sperm. Rec-BSPH2 as well as murine recombinant BSPH1 were found to have different immunofluorescence patterns when bound to uncapacitated versus capacitated sperm, indicating a rearrangement of these proteins on sperm surface during or following capacitation. Surprisingly, rec-BSPH2 was unable to bind phosphorylcholine liposomes or promote sperm capacitation. It is the first time that such results are reported for proteins of the BSP family. The results indicate that murine BSPH1 and BSPH2 might not have redundant functions, as is the case with bovine BSPs. This study could lead to a better understanding of the role of BSP proteins in sperm functions and the existence of redundant BSP proteins in the reproductive tract.
INTRODUCTION
Sperm leaving the testis are unable to fertilize an oocyte. Many subsequent maturation steps are necessary for the fertilization to occur. Transit through the epididymis is one of the essential steps. Changes that occur during epididymal transit allow sperm to become motile and acquire factors required for sperm to become capacitation competent. Capacitation is another important sperm maturation step that takes place in the female genital tract [1, 2] . The molecular basis of sperm capacitation is not well understood, but it is usually associated with changes in the lipid composition of the sperm plasma membrane, an increase in intracellular pH, increased permeability to ions such as calcium, and an increase in protein tyrosine phosphorylation [3] [4] [5] [6] [7] . Capacitation is also accompanied by a series of time-dependent phosphorylation events, activating many different signaling pathways, including the protein kinase A (PKA) pathway, the protein kinase C (PKC) pathway, the extracellular signal-regulated kinase (ERK) pathway, and the phosphatidyl-inositol-3-kinase (PI3K)/Akt pathway [7] [8] [9] [10] [11] [12] [13] .
Genes coding for proteins from the Binder of SPerm (BSP; previously called bovine seminal plasma proteins [14] ) superfamily are expressed in the epididymis of mice (Bsph1 and Bsph2; accession numbers DQ227498 and DQ227429) and human (BSPH1; accession number DQ227497) [15] . In mice, Bsph1 is expressed mostly in the proximal region of the epididymis, whereas Bsph2 can also be detected in more distal regions [16, 17] .
BSP proteins were first identified in the bovine seminal plasma, where they represent approximately 60% of the protein content [18] [19] [20] . It has been demonstrated that the three bovine BSP proteins (BSP1, BSP3, and BSP5, previously called PDC-109 or BSP-A1/A2, BSP-A3, and BSP-30K, respectively [14] ) have redundant functions. They bind to sperm via an interaction with choline phospholipids and promote capacitation induced by glycosaminoglycans (GAG) and high-density lipoproteins (HDL) [21] [22] [23] [24] . Other functions attributed to bovine BSP proteins include binding to the oviductal epithelium and prolonging sperm motility and viability [25, 26] .
In the bovine, BSP proteins are expressed by the seminal vesicles. It is also the case for BSP homologs found in other ungulates, such as stallion, boar, goat, bison, and ram [27] [28] [29] [30] [31] [32] . All BSP proteins have a common structure. They possess a variable N-terminal domain followed by two finbronectin type II (Fn2) domains arranged in tandem [14] . Human and mouse BSP proteins are slightly different, as they possess a Cterminus tail [14, 17] . This family of proteins also shares biochemical and functional characteristics, such as their ability to promote sperm capacitation and their ability to bind to gelatin, GAGs, HDL, low-density lipoproteins, and choline phospholipids [24, [30] [31] [32] [33] [34] .
Not much is known about human and murine epididymal BSP proteins. Recently, recombinant human BSPH1 (our unpublished data) and recombinant murine BSPH1 (rec-BSPH1) [35] were produced and shown to share many biochemical properties with BSP proteins from ungulates. They were also able to promote sperm capacitation in vitro.
The aim of the current study was to determine if the two murine BSP proteins share binding characteristics and have redundant functions, as reported for bovine BSP proteins. Since it is not feasible to obtain BSP proteins from mice in sufficient quantities, a recombinant murine BSP homolog 2 protein (rec-BSPH2) was expressed in Escherichia coli, purified, and used to perform functional assays.
MATERIALS AND METHODS

Cloning of cDNA Sequence into the Expression Vector
For the expression of the N-terminal His-tagged BSPH2, murine epididymal cDNA was used as template for the PCR amplification of Bsph2. To clone the Bsph2 coding sequence in a pET15b vector (Novagen; EMD Biosciences, La Jolla, CA), the following oligonucleotide primers were used: Bsph2-F1 (NdeI) 5 0 -GCG CAT ATG GAA TTG ATC TCT CAT TTA CAT CCT CC-3 0 and Bsph2-R1 (EcoRI) 5 0 -CGA GAA TTC ATA CCT AAA AAT  TGT TAG GAG AAC ATT GC-3 0 . For the expression of BSPH2 fused to a thioredoxin-(His) 6 -S-tag (Trx-His-S), the pET15b-Bsph2 vector was used as template. The following oligonucleotide primers were used to allow the subcloning in the pET32a expression vector (Novagen): Bsph2-F2 (NcoI) 5 0 -GAG CCA TGG AAT TGA TCT CTC ATT TAC ATC CTC-3 0 and Bsph2-R2 (EcoRI) 5 0 -GCA GAA TTC ATA CCT AAA AAT TGT TAG GAG AAC ATT GC-3 0 . The PCR was done using a pfu polymerase (Fermentas, Burlington, ON, Canada) under the following cycles: initial denaturation at 948C for 3 min, 33 cycles of 948C for 45 sec, 608C for 45 sec; 728C for 1 min, and a final elongation step of 728C for 7 min. Taq polymerase (GE Healthcare, Baie d'Urfé, QC, Canada) was added before the final elongation step to allow subcloning in a pCR2.1 vector (Invitrogen, Carlsbad, CA). The Bsph2 coding sequence was then extracted from the pCR2.1 vector, and the pET32a expression vector was linearized using the proper restriction enzymes (England BioLabs, Beverly, MA). Digested products were run on agarose gel, purified using Qiaex II gel extraction kit (Qiagen, Mississauga, ON, Canada), and ligated overnight using T 4 DNA ligase (Invitrogen). Ligation reactions were transformed into competent DH10b cells and plasmid DNA was isolated using the QIAprep spin miniprep kit (Qiagen). Sequences were confirmed using the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA) and the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems).
Protein Expression in E. coli
The positive plasmids were transformed in Rosetta-gami B (DE3)pLysS competent cells (Novagen) using standard methods. Transformed cells were then plated on Luria-Bertani (LB)-agar plates containing 100 lg/ml of ampicillin (Sigma-Aldrich, Oakville, ON, Canada) and incubated at 378C overnight after which single colonies were inoculated in liquid LB medium containing the same concentration of ampicillin. For the protein expression, 250 ml of LB medium containing the same antibiotic were inoculated with 1/ 100 volume of overnight culture, and bacteria were incubated at 378C with shaking at 200 rpm until O.D 600nm reached 0.6-0.8. To induce the expression, IPTG (Invitrogen) was added to the cell culture to a final concentration of 1 mM, and the cells were transferred at 158C, 200 rpm, for 16 h. After induction, cells were harvested by centrifugation at 6000 3 g for 10 min at 48C.
Immobilized Metal Ion Affinity Chromatography and Refolding
The purification method was modified from Plante et al. [35] . Cell pellets were resuspended in B-Per bacterial protein extraction reagent (Pierce, Rockford, IL) as described by the manufacturer and subjected to sonication (10 cycles of 30 sec on ice, with 1 min wait between bursts). One volume of 43 binding buffer (2 M NaCl, 80 mM Tris-HCl, 20 mM imidazole pH 7.4) was added to the cell lysate. Urea was added to a final concentration of 6 M, and the volume was adjusted with water to four times the initial volume. The cell extract was finally centrifuged at 48C for 30 min at 25 000 3 g to separate the soluble and insoluble fractions. The soluble fraction was filtered through a 5-lm filter and loaded, at a flow rate of 24 ml/h, on a column (1 3 15 cm) containing 5 ml of His-Bind resin (Novagen) charged with Ni 2þ and equilibrated with 13 binding buffer containing 6 M urea. The column was washed with five bed volumes of 13 binding buffer and five bed volumes of washing buffer (500 mM NaCl, 20 mM Tris-HCl, 80 mM imidazole, 6 M urea, pH 7.4). The refolding of the bound proteins was done on-column, over 16 h, with a decreasing urea gradient (6-0 M) in 13 binding buffer (total volume 250 ml). Finally, the refolded proteins were eluted with three successive elution buffers containing different imidazole concentrations (500 mM NaCl, 20 mM Tris-HCl, pH 7.4, containing 70, 250, and 400 mM imidazole, respectively). Based on optical density, similar quantities of all samples were precipitated with TCA (final concentration 15%) and analyzed by SDS-PAGE and Western blotting. Proteins were also extracted from polyacrylamide gel and analyzed by liquid chromatography/tandem mass spectrometry (LC-MS/MS) [36] . Trx-His-S control was prepared in the same way using Origami B (DE3)pLysS containing empty pET32a vectors and purified by immobilized metal ion affinity chromatography (IMAC) in the absence of urea.
Protein Electrophoresis and Western Blotting
SDS-PAGE was performed according to the method of Laemmli [37] in 12% or 15% gels using the Mini-Protean 3 apparatus from Bio-Rad (Mississauga, ON, Canada). Gels were either stained with Coomassie Brilliant Blue R-250 (BioRad) or transferred electrophoretically to Immobilon-P PVDF membranes (Millipore, Nepean, ON, Canada). Immunodetection was performed using either His-Probe mouse monoclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA), affinity-purified antibodies against a synthetic peptide corresponding to the last 15 C-terminal amino acids of the deduced sequence of BSPH1 (anti-15mer), affinity-purified antibodies against (His) 6 -tagged recombinant BSPH1 (anti-BSPH1), or affinity-purified antibodies against bovine BSP1 (anti-BSP1) at dilutions of 1:1000 [24, 35] . Goat antimouse IgG (1:3000) or goat anti-rabbit IgG (1:10 000) were used as secondary antibodies (BioRad). The bands were revealed using chemiluminescence reagent (Perkin-Elmer, Boston, MA) and a Fuji LAS-3000 image analyzer (Fujifilm, Stamford, CT).
Affinity Chromatography
All operations were carried out at 48C. Heparin-sepharose CL-6B resin was purchased from Amersham Biosciences (Baie d'Urfé, QC, Canada). Coupling of gelatin and chondroitin sulfate B (CSB; Sigma-Aldrich) to Affi-gel 15 was performed as previously described [20, 24, 35] . For each experiment, 5 ml of resin were packed in a column (1 3 3.5 cm) and equilibrated with 50 mM TrisHCl buffer, pH 7.4 (TB); 500 lg (gelatin and CSB) or 5 mg (heparin) of rec-BSPH2 dissolved in 5 ml of TB were applied to the column at a flow rate of 2 ml/h, and the flow rate was stopped for 30 min. The unbound material was washed from the column with TB, and bound proteins were eluted with TB containing 1 M NaCl for heparin-sepharose and CSB-agarose affinity chromatography or with TB containing 8 M urea for the gelatin-agarose affinity chromatography. For quality control, alcohol precipitates of bovine seminal plasma proteins were run similarly on each column.
Binding to Liposomes
Phosphatidylcholine (PC) liposomes were prepared as previously described [21] . Briefly, 10 mg of soy PC (L-a-phosphatidylcholine 95%; Avanti Polar Lipids Inc., Alabaster, AL) were evaporated under N 2 to form a thin film at the bottom of a glass test tube. Two milliliters of buffer A (10 mM Tris-HCl, 100 mM KCl, pH 7.5) were added to the tube and sonicated in a Branson ultrasonic water bath (model 3510) for approximately 20 min at room temperature. Small unilamellar liposomes were sedimented at 100 000 3 g for 30 min at 258C and resuspended in 1 ml of buffer B (10 mM Tris-HCl, 100 mM KCl, 2.5 mM CaCl 2, pH 7.5). Liposomes composed of PC, phosphatidylethanolamine (PE), and phosphatidylinositol (PI) or composed of PC and cholesterol (CHO) were prepared the same way using 7 mg of PC, 2 mg of PE (1-palmitoyl-2-oleoyl-snglycero-3-phosphoethanolamine . 99%; Avanti Polar Lipids), and 1 mg of PI from pig liver (Serdany Research Lab, London, ON, Canada) or 8.9 mg of PC and 1.1 mg of CHO from sheep's wool (Sigma-Aldrich). Rec-BSPH2 (20 lg) or bovine BSP1 (10 lg) were incubated with 300 lg of liposomes in 300 ll of buffer B for 40 min at room temperature. Liposomes were then sedimented at 100 000 3 g for 45 min. An equal fraction of the supernatant and pellet (onethird) were vortexed (1 min) with 1.1 ml of solvent (methanol/water/ chloroform; 3:2:1, v/v). After centrifugation for 1 min at 10 000 3 g, the upper phase was removed and vortexed (30 sec) with 400 ll of methanol to extract remaining lipids. After a final centrifugation at 10 000 3 g for 2 min, supernatant was removed, and pellets were air-dried. Proteins were analyzed by SDS-PAGE.
Protein Homology Modeling and Molecular Docking
Putative 3D structures of murine BSPH1 and BSPH2 proteins and bovine BSP5 were predicted via an automated comparative protein modeling server (Swiss-Model; http://www.expasy.ch) with the optimized mode using the coordinates of BSP1 (PDB accession number 1H8P) available from the Brookhaven Protein Database [38, 39] . Molecular docking analysis was performed using AutoDock-vina [40] , and the ligand PDB coordinates were obtained from ChemSpider (http://www.chemspider.com). The electrostatic PLANTE ET AL.
potential and molecular surface of each protein model was calculated through eF-surf server and visualized through PDBjViewer (version 3.0) [41] .
Preparation of Sperm
Male mice (between 10 and 24 wk old) were killed by cervical dislocation after which cauda epididymides and vas deferens were immediately removed. Tissues were cut four to six times in 1 ml prewarmed modified Krebs-Ringer medium (Whitten's HEPES [WH]; 100 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 25 mM NaHCO 3 , 5.5 mM D-glucose, 1 mM sodium pyruvate, 4.8 mM L [þ]-lactic acid hemicalcium salt in 20 mM Hepes) and buffered medium, pH 7.4 (osmolality 315 mOsm/kg), and placed at 378C for 10 min to allow motile sperm to swim out [42] . Motile sperm were collected, washed once with 5 ml of WH medium (10 min at 200 3 g), and resuspended in 500 ll of WH medium. All animal care and use was done according to the guidelines of the Canadian Council of Animal Care.
Binding to Sperm
A total of 7 3 10 6 sperm were incubated 1 h at 378C in 1 ml of WH medium containing Complete Mini, EDTA-free protease inhibitor tablet (1 tablet/10 ml; Roche, Manheim, Germany) and 1 mM of PMSF. Sperm were either incubated alone, with 10 lg of rec-BSPH1 or 10 lg of rec-BSPH2. Following the incubation, sperm were washed with 1 ml of WH medium (10 min at 200 3 g). Cells were pelleted at 5000 3 g for 10 min, the supernatant was removed, and the pellet was washed twice with 1 ml of WH medium. The supernatant and wash fractions were precipitated with TCA (15%, final concentration), resuspended in Laemmli sample buffer, and boiled 10 min. The pellet was resuspended in sample buffer, boiled 10 min, and sonicated 1 h in a Branson ultrasonic water bath (model 3510). The different fractions were analyzed by Western blot.
Capacitation Assay
Sperm were collected as described above. For capacitation studies, 2 3 10 6 washed sperm were incubated 1 h at 378C in 1 ml WH medium in the presence of different concentration of rec-BSPH1 and/or rec-BSPH2, with 16 lg/ml of Trx-His-S, with 5 mg/ml of BSA, or without any added proteins as control [35] . Following the incubation, 200 ll of the sperm suspension were incubated an additional 30 min at 378C with or without 5 lM of calcium ionophore A23187 (Sigma-Aldrich). As controls, to test the effect of calcium ionophore on noncapacitated sperm, 2 3 10 6 sperm incubated in media without bicarbonate or BSA, therefore uncapacitated, were also treated with A23187 for 30 min. Sperm were then fixed with 200 ll of 8% paraformaldehyde for 30 min at room temperature, centrifuged for 2 min at 8000 3 g, and washed two times with 0.1 M ammonium acetate (pH 9.0). They were finally resuspended in a final volume of 100 ll of the same solution, and 20 ll were smeared on microscopic slides. Slides were dried and stained using the Coomassie Brilliant Blue staining technique [43] . Briefly, slides were placed successively in water, methanol, and water for 5 min each and stained 2 min in a solution of 0.22 % Coomassie Blue G-250 in 50% methanol and 10% acetic acid solution; 400 sperm were counted for each condition.
Immunolocalization of rec-BSPH2 on Sperm
Cauda epididymides were placed in 1 ml of human tubal fluid (HTF) medim (101.6 mM NaCl, 4.7 mM KCl, 0.37 mM KH 2 PO 4 , 0.2 mM MgSO 4 Á7H 2 O, 2 mM CaCl 2 , 25 mM NaHCO 3 , 2.78 mM glucose, 0.33 mM pyruvate, 21.4 mM lactate, 100 U/ml of penicillin G, and 0.1 mg/ml of streptomycin, osmolality of ;315 mOsm/kg) [44] and cut four to six times with scissors. Sperm were dispersed in the medium for 10 min at 378C under 5% CO 2 . Tissues were removed and sperm were dispersed by gentle swirling.
Two million sperm were incubated 1 h in HTF medium without any added proteins, with 15 lg rec-BSPH2, 15 lg rec-BSPH1, or 7 lg Trx-His-S as control in the presence or absence of BSA. Following incubation with the recombinant proteins, 200 ll of the sperm suspension were incubated an additional 30 min at 378C with or without 5 lM of calcium ionophore A23187 and fixed with 200 ll of 4% paraformaldehyde for 30 min at room temperature. The sperm were then washed three times with PBS and allowed to dry on poly-L-lysine microscopic slides (Fisher Scientific, Ottawa, ON, Canada). Sperm were permeabilized for 5 min with PBS containing 0.1 % Triton-X-100 and 0.2 % paraformaldehyde, washed three times with PBS and blocked for 1 h at room temperature in PBS-1% BSA. Slides were then incubated 1 h at room temperature with a mix of anti-15mer and anti-BSPH1 antibodies (dilution, 1:400 each) or mouse His-probe antibodies (dilution, 1:100) diluted in PBS-0.1% BSA. They were washed three times with PBS-0.1% BSA to remove excess antibodies and incubated 1 h at room temperature with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG or FITC-conjugated goat anti-mouse IgG (Sigma-Aldrich) at a dilution of 1:200 in PBS-0.1% BSA. After three final washes with PBS, slides were mounted with DABCO 1.5% (10 ml 15% DABCO and 90 ml glycerol).
For the double staining, tetramethylrhodamine isothiocyanate (TRI-TC)-conjugated goat anti-rabbit IgG (Sigma-Aldrich) at a dilution of 1:200 was used as secondary antibodies. Slides were washed with PBS, and each slide was incubated for 30 min in the dark with a droplet of 75 lg/ml of Pisum sativum agglutinin conjugated to fluorescein isothiocyanate (PSA-FITC; Sigma) diluted in PBS. Slides were washed three more times with PBS and mounted with DABCO 1.5%. Observations were done under a fluorescence microscope (Zeiss Axio Imager).
Statistical Analysis
Data are presented as the mean 6 SEM. Differences were analyzed by oneway analysis of variance (ANOVA) followed by the Bonferroni post hoc test using GraphPad Instat (version 3.05). A P value of ,0.05 was considered significant.
RESULTS
Cloning, Expression, and Purification
Rec-BSPH2 was expressed in Rosetta-gami B (DE3)pLysS, denatured with urea, and purified by IMAC. Proteins were refolded on-column slowly using a decreasing urea gradient [35] . Most of the bound proteins were eluted using 250 mM imidazole (E2; Fig. 1A ). Following that elution, very little proteins remained in the column. Analysis of the different purification fractions by SDS-PAGE (Fig. 1B) revealed the presence of a band of ;32 kDa in every fraction; 32 kDa is the predicted molecular weight of rec-BSPH2 (20 kDa for Trx-His-S and 12 kDa for BSPH2). In Western blot analysis, the band predicted to be rec-BSPH2 was recognized strongly by Hisprobe monoclonal antibodies and cross-reacted with anti-BSPH1 antibodies (data not shown). LC-MS/MS analysis of the band confirmed the identity of BSPH2 protein (Fig. 1D) . SDS-PAGE of fraction E2 under nonreducing conditions (Fig.  1C) revealed the presence of many bands of higher molecular weight. These bands, recognized by His-probe monoclonal antibodies, were identified as oligomers of rec-BSPH2. Fraction E1 (elution with 70 mM imidazole) contained a high amount of impurities, and fraction E3 (400 mM imidazole) contained only traces of proteins. Therefore, in the current study, protein in fraction E2, desalted on a Sephadex G-25 column in 0.05 M ammonium bicarbonate and lyophilized, was used. From 1 L of culture, ;15-20 mg of pure protein was obtained in each run.
Binding Properties
Interaction of rec-BSPH2 with gelatin, heparin, and CSB was tested by affinity chromatography. Rec-BSPH2 was found to interact with gelatin and heparin but not CSB. On a gelatinagarose affinity chromatography column ( Fig. 2A) , 45-50% of the total protein was retained and eluted with 8 M urea. Interaction was stronger with heparin, as more than 95% of the proteins required 1 M NaCl to be eluted from the heparinsepharose column (Fig. 2B) . In contrast, on CSB-agarose affinity column (Fig. 2C) , rec-BSPH2 was found in majority (;92%) in the unabsorbed fraction. These results are representative of at least three separate experiments. As control, the binding of bovine BSP proteins was also tested (data not shown). Bovine BSP proteins bound strongly to all three resins.
Interaction with liposomes made of PC, PC/PE/PI, or PC/ CHO was tested using ultracentrifugation methods (Fig. 3A) . In all conditions tested, the recombinant protein was found in ROLE OF MOUSE REC-BSPH2 IN SPERM FUNCTION the supernatant fraction. A more acidic pH during incubation did not alter the results (not shown). On the other hand, the bovine BSP1, which binds strongly to the phospholipids, was found in the pellet fraction when incubated with liposomes.
Finally, the binding of rec-BSPH2 to epididymal sperm was tested (Fig. 3B) . Epididymal sperm were incubated for 1 h alone, with 10 lg of rec-BSPH1 or 10 lg of rec-BSPH2, and sperm extracts were analyzed by Western blot using anti-BSPH1 antibodies. Analysis of the epididymal sperm incubated in the absence of any recombinant protein revealed the presence of a band at ;14 kDa, the expected molecular weight of both native BSPH1 and native BSPH2. As previously observed [35] , when rec-BSPH1 was incubated with the epididymal sperm, most of the proteins were found in the pellet with sperm. A signal was also observed in the supernatant, indicating a fraction of the recombinant protein did not bind to the sperm. A third band at ;16 kDa was observed in the pellet as well. This band was sequenced and identified as rec-BSPH1 with parts of its Trx-His-S tag missing. Finally, for rec-BSPH2 incubated with epididymal sperm, two bands were observed: a faint band at 32 kDa in the supernatant fraction and a band at 14-16 kDa in the sperm pellet. This band was identified as BSPH2 and could be either the native BSP proteins or rec-BSPH2 without the Trx-His-S tag or a mixture of both proteins. However, since the signal of this band is much stronger than the one usually observed for the native BSP proteins, a mixture of both proteins is most probable. No clear 32-kDa band was observed in the pellet. 
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In Silico Characterization, Homology Modeling, and Molecular Docking
Since rec-BSPH1, rec-BSPH2, and native bovine BSP proteins are found in different oligomeric forms, predicted models of the proteins homodimeric structures were analyzed. The electrostatic potential for each predicted dimeric form of BSP1, BSP5, BSPH1, and BSPH2 was calculated. Results show that the surface of predicted gelatin-binding sites is mostly hydrophobic (yellow) or ionic positive (blue; Fig. 4 , D-G). Results also show that, in the dimer, gelatin-binding sites are arranged on the same side (Fig. 4C) .
Molecular docking analysis of BSPH1 and BSPH2 proteins with PC was also performed to support the in silico evidence that rec-BSPH2 does not bind to PC liposomes (Fig. 5) . In the first Fn2 domain (D1), the binding affinity between both proteins is similar (À3.8 kcal/mol), but all the top nine conformations in BSPH1 are within the ligand-binding pocket, whereas there are only four conformations in BSPH2. For the second Fn2 domain (D2), BSPH1 is predicted to bind PC with an affinity of À3.5 kcal/mol. Top conformations in BSPH2 are not located within its binding pocket, and the one that does has an affinity of À2.8 kcal/mol. This shows that BSPH1 has stronger binding affinity for PC than that of BSPH2 in general.
Immunolocalization
Localization of rec-BSPH2 on epididymal sperm was evaluated and compared to the immunofluorescence pattern of rec-BSPH1. Sperm incubated with rec-BSPH2 in the presence or absence of BSA had a faint signal over the midpiece region and a stronger signal over the head (Fig. 6A) . 
FIG. 3. Phospholipid liposomes and mouse caudal sperm-binding assay.
A) 20 lg of rec-BSPH1 and 10 lg of bovine BSP1 were incubated with or without 300 lg of PC, PC/PE/PI, or PC/CHO liposomes and then centrifuged. The supernatant (S) and pellet (P) were separated and analyzed by Western blot using mouse anti-BSPH1 and bovine anti-BSP1 antibodies, respectively. B) Caudal sperm were incubated alone with 10 lg of rec-BSPH1 or 10 lg of rec-BSPH2 and then centrifuged. The supernatant (S) was removed, and the sperm pellet was washed. The wash fraction (W) and the sperm pellet (P) were separated by centrifugation, and equivalent proportions of each fraction were analyzed by western blot using mouse anti-BSPH1 antibodies. [54] . Sites predicted to bind PC are indicated on the top of the alignment by asterisks (*) [57] . B) 3-D homology modeling of BSPH1, BSPH2, and BSP5 based on the BSP1 template. C) Dimeric structure of BSPH1 shows that the critical amino acids (site) responsible for gelatin binding (in purple) are along the same side with another monomer. PLANTE ET AL. 
ROLE OF MOUSE REC-BSPH2 IN SPERM FUNCTION
This binding pattern is very similar to the one observed for rec-BSPH1. However, rec-BSPH1 was found over the midpiece of the sperm only when BSA was present in the incubation medium. In the absence of recombinant proteins (Fig. 6B) , although the signal was very faint, the native proteins were observed over the head of the sperm. Trx-His-S did not bind to the sperm as previously shown [35] . No signal was observed for this control.
At higher magnification, depending on the cell examined, two different fluorescence patterns were observed over the head of the sperm. However, the patterns were similar for both rec-BSPH1 and rec-BSPH2. This was investigated further using double staining. PSA-FITC was used to assess the state of the sperm (uncapacitated, capacitated, or acrosome reacted), and a mixture of anti-15mer/anti-BSPH1 antibodies was used to mark the BSP proteins. PSA-FITC staining over the anterior acrosome region indicated that sperm were uncapacitated (Fig.  7, A and B) , whereas faint PSA-FITC staining over the anterior acrosome and strong staining over the equatorial segment indicated capacitated sperm (Fig. 7, C and D) . On uncapacitated sperm, both rec-BSPH1 (Fig. 7A ) and rec-BSPH2 (Fig.  7B) had similar binding patterns and were found over the anterior and postacrosomal regions. Following capacitation, rec-BSPH2 (Fig. 7D) was found only over the equatorial segment, whereas rec-BSPH1 (Fig. 7C ) was found over both the anterior acrosome region and the equatorial segment. On acrosome-reacted sperm (PSA-FITC only over the equatorial segment), the fluorescence pattern was the same as when sperm were capacitated (not shown).
Effect on Sperm Capacitation
Generally, only capacitated sperm can undergo the acrosome reaction (AR). In this set of experiments, capacitation was assessed by the ability of sperm to undergo AR induced by calcium ionophore A23187 (Fig. 8A) . Without recombinant proteins or BSA, the basal level of AR in the presence or absence of A23187 was 28 6 3%. Level of AR for uncapacitated sperm in the presence of A23187 was similar at 25 6 1%. In the presence of 5 mg/ml of BSA (capacitation FIG. 6 . Immunostaining of rec-BSPH2 on cauda epididymal sperm. A) Sperm collected from cauda epididymis were incubated in medium containing 15 lg rec-BSPH1 or 15 lg rec-BSPH2 with (bottom panel) or without (top panel) 5 mg/ml BSA. Slides were incubated with a mix of anti-15mer and anti-BSPH1 antibodies at dilution of 1:400 each and treated with FITC-conjugated IgG. B) For detection of native proteins, cauda epididymal sperm were incubated without recombinant proteins, smeared on slides, and incubated with the mix of anti-BSPH1/anti-15mer. As control, cauda epididymal sperm were incubated with 7 lg Trx-His-S and smeared on slides and incubated with His-probe antibodies at a dilution of 1:200. White arrows indicate presence of the native BSPH1 over the head of cauda sperm. All slides were then treated with anti-mouse FITC-conjugated IgG. Original magnification 3630.
PLANTE ET AL. condition), the addition of A23187 stimulated the level of AR up to 72 6 7%. None of the rec-BSPH2 concentrations tested increased the level of AR. As previously shown, the addition of increasing concentrations of rec-BSPH1 caused a dosedependent increase in the levels of acrosome-reacted sperm [35] . The addition of rec-BSPH1 and rec-BSPH2 at the same time had no impact on the level of AR (Fig. 8B) . Similarly, coincubation of sperm with BSA and rec-BSPH2 had no impact on the level of AR (not shown). Levels of AR obtained when both proteins were present were comparable to the levels obtained for rec-BSPH1 alone at similar concentrations. For all conditions tested, without the addition of A23187, the levels of acrosome-reacted sperm remained at the basal level (not shown).
DISCUSSION
Expression and Purification of rec-BSPH2
Native BSP proteins are found in minute quantities in mice. For this reason, it was necessary to produce recombinant proteins to study their functions. One of the challenges encountered during the production of recombinant BSP proteins is the formation of the four disulfide bridges. To overcome this problem, a bacterial system combining the pET32a expression vector with E. coli Rosetta-gami B (DE3)pLysS cells was used. This system has been proven to be ideal to produce recombinant proteins containing disulfide bridges [35, [45] [46] [47] [48] . Since BSPH2 is not predicted to be glycosylated or to contain any major modifications [17] , the lack of machinery necessary for posttranslational modification in prokaryotes should not affect the function of rec-BSPH2. However, this system alone is not sufficient with BSP proteins to produce nonaggregated, soluble proteins. Following expression, proteins were purified by IMAC and refolded on column using a decreasing urea gradient [35] . With this method, a good yield of pure, soluble rec-BSPH2 protein was obtained. Under nonreducing condition, rec-BSPH2 was found in several levels of oligomerization, a phenomenon observed with native BSP proteins in bulls, boars, and stallions [20, 28, 49] . Both murine BSP proteins share 34% identity and 55% similarity of sequence and have very similar C-terminal tails [17] . Results show that they also share antigenic sites, as rec-BSPH1 and rec-BSPH2 cross-reacted with the same antibodies (anti-BSPH1 and anti-15mer) but with different affinity. Anti-BSPH1 antibodies were used for the subsequent analysis.
Binding to GAGs and Gelatin
Bovine BSP proteins and their homologs, in view of their structural similarities, share many binding characteristics such as binding to gelatin and GAGs [20, 24, 28, [30] [31] [32] [49] [50] [51] . In the present study, results show that rec-BSPH2 binds to GAGs and gelatin similarly to rec-BSPH1 or human recombinant BSPH1 [35] . It could bind to heparin but not CSB. Proteins can interact with more than one GAG but with different affinities [52] . Binding to heparin has been attributed to the interaction of basic amino acids, mostly lysine and arginine, with negative charges of heparin [53] . Studies have demonstrated that the preferred motifs in heparin binding proteins are XBXBX, XBXXBX, and XBXXXBX, where ''B'' represents basic amino acid(s) and ''X'' any amino acid [53] . BSPH2 sequence contains nine of these motifs. Binding to CSB has not been studied as thoroughly as heparin. For many proteins, the exact binding site has not been identified [52] . The exact reason for the lack of interaction between rec-BSPH1 or rec-BSPH2 and CSB is unknown.
Binding to gelatin is attributed to the presence of the two Fn2 domains. In addition to an appropriate 3D structure, it has been shown that some amino acids are essential for gelatin binding. In the Fn2 domain of human gelatinase A/MMP-2, replacement of the tyrosine by an arginine in position 37 can completely abolish the gelatin-binding properties of the protein without destroying its 3D conformation [54] . Therefore, amino acid replacements were examined on aligned sequences of BSPH1, BSPH2, and bovine BSP5 as well as on predicted models of the BSP proteins (Fig. 4, A-C) . The first Fn2 domain of BSPH2 was found to be the only one with a tyrosine in that position. Since BSP5 can bind strongly to gelatin and has no tyrosine in the corresponding position (Y37), this particular amino acid probably is not essential for the gelatin binding of BSP proteins.
Gelatin is a derivative of collagen, a principal structural and connective protein in animals. Hydrophobicity can be an indicator of regions on a protein surface that are involved in protein-protein interaction [55] . Homology modeling revealed that the predicted gelatin-binding sites of dimeric forms were arranged on the same side of the dimer, suggesting that BSP proteins could bind gelatin as a dimer through this side of the molecules (Fig. 4C) . Furthermore, it suggests that oligomeri- 
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zation could be necessary for a strong binding as it has been shown for heparin binding in equine, porcine, and bovine BSP proteins [27, 28, 56] . Differences in oligomerization could explain the reduced binding of the recombinant proteins to the gelatin-agarose beads. It is also possible that part of the recombinant proteins were not folded in the appropriate 3D structure. Nevertheless, the ability of the BSP proteins to bind to gelatin is not linked with its role in capacitation. It should be noted that rec-BSPH1 has similar binding properties and could promote murine sperm capacitation [35] .
Binding to Phospholipid Liposomes
Proteins of the BSP superfamily are known to interact with sperm membrane mainly via choline phospholipids [21, [28] [29] [30] . Surprisingly, rec-BSPH2 does not bind to PC liposomes despite the fact that it can bind to murine epididymal sperm. The binding of BSP proteins with PC is due to a cation interaction between the amine group of the choline and a tryptophan residue of the Fn2 domains as well as hydrogen bonds between six tyrosine residues of the protein and phosphate groups of the PC [57] . Three of those six tyrosine residues are missing in the BSPH2 sequence (Fig. 4A , blue stars above), which could explain the low affinity of the protein for PC. Since no sperm proteins are known to interact with BSP proteins, interaction with other lipidic component of the plasma membrane was investigated.
The BSPH2 shows more sequence similarities with the bovine BSP5 protein, the only bovine BSP that can bind to PE, PI, and phosphatidylserine as well as PC [16, 17, 21] . Furthermore, some studies have shown an increase in the association constant of bovine BSP1 with PC liposomes when they contained cholesterol [58] . It was suggested that this interaction could be due to the presence of cholesterol recognition amino acid consensus domains in the BSP structure [59] . Epididymal sperm membranes are made mainly of choline containing phospholipids (67-70%) but also contain PE (19-22%), PI (9-10%), and cholesterol (CHO: lipid ratio ;0.24 and 0.29) [60] . The addition of PE, PI, or cholesterol to PC liposomes in similar proportions did not influence the affinity of rec-BSPH2 for the liposomes. 8 . Effect of rec-BSPH2 on murine sperm capacitation. Capacitation was assessed by the ability of sperm to undergo the AR induced by A23187 ionophore. Epididymal sperm were incubated with different concentrations of rec-BSPH1, rec-BSPH2, 32 lg/ml of Trx-His-S, or 5 mg/ml of BSA (A) or different concentrations of rec-BSPH1 and rec-BPSH2 (B) for 60 min followed by incubation with calcium ionophore A23187 for 30 min. Sperm were smeared on slides and analyzed by Coomassie Blue staining. A minimum of 400 sperm per conditions were evaluated. Data are means 6 SEM for four independent experiments. Differences compared to control (sperm alone) were analyzed by one-way ANOVA followed by Bonferroni post hoc test. *P , 0.05, **P , 0.01, ***P , 0.001.
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Molecular docking analysis confirmed that BSPH1 has a strong affinity for PC, whereas BSPH2 has low binding affinity. Thus, rec-BSPH2 could be interacting with the choline containing phospholipids on sperm membrane much more weakly than other BSP proteins. It is possible that the interaction was too weak to be observed using PC liposomes or that the organization of the lipids in the liposomes was not optimal for the rec-BSPH2 binding.
Immunofluorescence
It was previously demonstrated that, when incubated with epididymal sperm, rec-BSPH1 is found mostly over the head of the sperm, more specifically over the anterior acrosome and the equatorial segment, and that, in the presence of BSA, proteins can be found over the midpiece as well [35] . In this study, rec-BSPH2 was found over the head of the sperm and the midpiece in the presence or absence of BSA. Results also suggested a relocalization of both rec-BSPH1 and rec-BSPH2 during sperm maturation, which could be due to redistribution of phospholipids on the external surface of the sperm membrane [61] .
On uncapacitated sperm, both recombinant BSP proteins were found on the anterior acrosome region as well as the postacrosomal region. Proteins binding to the acrosome region of the sperm are often implicated in sperm capacitation. The postacrosomal region has been shown to contain low levels of cholesterol when compared to the anterior acrosome and the equatorial segment [61] . Since cholesterol is known to add rigidity to plasma membrane and stabilize its structure, binding of BSPH1 and BSPH2 could compensate for the low levels of cholesterol in this region. This is in accordance with the hypothesis that, in mice, BSP proteins bind to the sperm in the epididymis to prevent free movements of the phospholipids in the membrane, thus preventing premature capacitation [35] . Following capacitation and AR, both proteins were found over the equatorial segment. This segment of the sperm is implicated in the fusion of the sperm with the egg membrane, suggesting a possible role in sperm functions other than capacitation [62] . Since both recombinant proteins bind over the midpiece region, an additional role for murine BSP proteins in sperm motility is possible. Indeed, the midpiece region of sperm contains mitochondria and is often associated with sperm motility. Murine BSP proteins may play a role in motility like bovine BSP1, which has been shown to stimulate sperm motility and the activity of membrane-bound calcium ATPase in bull sperm [26, 63] .
Effect on Sperm Capacitation
The main function associated with BSP proteins is their ability to promote sperm capacitation. BSP in bovine, boar, and human, as well as rec-BSPH1, have been shown to induce sperm capacitation [23, 34, 35] . The fact that rec-BSPH2 cannot promote sperm capacitation sets it apart from the other members of the BSP superfamily. Current models suggest that BSP proteins are able to promote sperm capacitation by mediating a phospholipid/cholesterol efflux [24, 35] . Since BSPH2 interacts with PC with a much lower affinity than BSPH1, it is possible that the interaction is too weak for BSPH2 to extract phospholipids and cholesterol from the membrane to promote capacitation.
In conclusion, results in this study reveal major biochemical and functional differences between rec-BSPH2 and other proteins of the BSP superfamily. Rec-BSPH2 was able to bind to epididymal sperm similar to other BSP superfamily proteins. However, it is the first member of the BSP family that neither binds to PC liposomes nor promotes sperm capacitation. Furthermore, the results provide the first evidence that two BSP proteins from the same species do not seem to have redundant functions. In view of this, BSPH2 is distinct and indeed is the black sheep of the BSP superfamily. Further work is warranted to establish whether BSPH2 might be involved in other steps of the fertilization process, such as sperm-egg interaction or sperm-egg fusion. These results are a key step in delineating the redundancy of the BSP proteins with respect to their different characteristics and biological roles.
